. Little is known, however, about the induction and subsequent fidelity of IL-4 and IL-10 memory in individual cells. Several groups have shown that the induction of memory for effector cytokines, like IFN-␥, IL-4, or IL-10, depends on entry of a naïve Th cell into the S phase of the first cell cycle upon primary activation (4) (5) (6) and that drugs interfering with DNA methylation and chromatin rearrangement also interfere with the induction of cytokine memory (4, 7) . In Ag-experienced Th cells with memory for particular cytokine genes, these genes are epigenetically marked by demethylation, histone acetylation, and opening of chromatin (3) . Moreover, up-regulation of the transcription factor GATA-3 is a critical characteristic of Th cells with IL-4 memory (8) . It is still not clear in molecular detail how epigenetic modification and enhanced expression of key transcription factors are connected to establish IL-4 memory (3, 9) , whereas for IL-10 memory, not even epigenetic modifications have been demonstrated so far (10) . Here, we have compared the induction of IL-4 and IL-10 memory on the level of individual cells in terms of the requirement for IL-4 costimulation and the fidelity of reexpression, both in naïve Th cells undergoing primary activation in vitro and Ag-experienced Th cells isolated ex vivo.
IL-4 signals transmitted via signal transducer and activator of transcription 6 (Stat6) drive not only Th2 differentiation but also proliferation of Th2 cells (11) . This occurs at least in part because of an IL-4͞Stat6-dependent induction of the transcriptional repressor growth factor independent-1 (Gfi-1), which in conjunction with GATA-3 increases the expansion of Th2 populations by promoting proliferation and reducing apoptosis (12) . In contrast, in CD4 ϩ bulk cultures containing predominantly IL-10-producing cells, a low proliferative activity has been reported (13, 14) . This may be caused by low stimulatory activity of the Ag-presenting cells (APCs) as a consequence of their exposure to . Alternatively, the impaired proliferation of these IL-10-producing cells could be an intrinsic part of their differentiation (18, 19) . Here, we have determined the proliferation of individual IL-4-or IL-10-producing and nonproducing cells by two approaches. First, we determined the proliferative history of Th2 cells with IL-4 or IL-10 memory. Second, we adapted the cytometric IL-4 secretion assay (20) (21) (22) to the isolation of cells with IL-10 memory. We then compared proliferation of Th cell populations separated according to secretion of IL-4 or IL-10.
Materials and Methods
Mice. Mice transgenic for the ovalbumin (OVA) 323-339 -specific DO11.10 ␣͞␤ TCR (OVA-TCR) (23) were from D. Loh (Washington University School of Medicine, St. Louis) and were maintained on the BALB͞c background under specific pathogen-free conditions. Separation of Naïve CD62L high and in Vivo Ag-Experienced CD62L low CD4 ؉ T Cells. DO11.10 splenocytes were stained with anti-CD4 FITC (GK1.5; American Type Culture Collection) and MultiSort anti-FITC microbeads (Miltenyi Biotec). CD4 sorting (FACS) analysis after staining with anti-CD62L phycoerythrin (PE) (MEL-14; American Type Culture Collection). T cells were labeled with 5-and 6-carboxyfluorescein diacetate, succinimidyl ester (CFSE; Molecular Probes) as described (5) . ICN) . Daily, the cells were counted and FACS-analyzed for CFSE vs. propidium iodide staining to determine the survival rate, which was Ϸ50% of the originally seeded cells after 3 days with or without inhibitors. Further, expression of activation markers (CD69, CD25, CD44, and CD62L) was analyzed daily by FACS and was found to be very similar in all cultures (data not shown). Immediately before FACS analysis, propidium iodide (0.3 g͞ ml; Sigma) was added to stain dead cells. Samples were analyzed on a FACSCalibur by using CELLQUEST software (BD Biosciences). Analysis gates were set on live lymphocytes by forward and side scatter and exclusion of propidium iodide-binding particles. Sigma) was added after 2 h. After 4-5 h of restimulation, cells were washed, fixed with 2% formaldehyde in PBS for 15 min at room temperature, and stained for CD4 or OVA-TCR and for intracellular cytokines as described (24) . To costain intracellular cytokines and DNA, freshly fixed cells were incubated with RNase A (100 g͞ml; Sigma) at 1 ϫ 10 6 cells per ml in PBS͞BSA for 1 h in a 37°C water bath. After washing in PBS͞BSA, cells were stained for OVA-TCR and intracellular cytokines using digoxigenized anti-cytokine mAbs followed by anti-digoxigenin Fab (Roche Applied Science) coupled to Cy5. Some minutes before FACS analysis, DNA was stained with propidium iodide (40 g͞ml).
Results

Induction of IL-4 and IL-10
Memory Is Cell Cycle-Dependent. To address the proliferation and cell-cycle requirements for the induction of memory for IL-4 and IL-10 expression, we activated CFSE-labeled naïve DO11.10 T cells under Th2 conditions with or without cell-cycle inhibitors. After 3 days, cells were restimulated for cytokine analysis. The transgenic T cells maintained without inhibitor had divided up to five times as was evident from the stepwise decrease in CFSE labeling intensity, whereas the cells maintained with an inhibitor had not divided (data not shown). In accordance with our earlier observation using Lmimosine as inhibitor (5), we found that the induction of IL-4 and IL-10 memory in naïve Th cells undergoing primary activation was completely blocked also by mycophenolic acid (Fig.  1A) , i.e., by drugs blocking DNA synthesis and entry of the activated T cell into the S phase of the first cell cycle. Paclitaxel, which blocks at a later stage of that first cell cycle, did not significantly inhibit the induction of cytokine memory. This result could reflect either the necessity of epigenetic modifications of cytokine genes for memory expression or restriction of memory expression to late phases of the cell cycle.
Memory Expression of IL-4 and IL-10 Is Independent of Cell-Cycle
Phase. To analyze the correlation between cell cycling and cytokine expression, we performed direct costainings of cytokines and DNA content in individual cells that had been primed in the presence of IL-4 and IL-12 and restimulated on day 4, when the vast majority of the transgenic T cells had divided several times as judged by loss of CFSE (data not shown). The DNA staining allowed clear classification of the cell-cycle phases (Fig. 1B Upper) . We observed substantial production of IL-4, IL-10, IFN-␥, and tumor necrosis factor ␣ in Th cells in G 1 , S, and G 2 ͞M phase (Fig. 1B Lower) . The frequencies of cytokine ϩ cells were not significantly different in the various cell-cycle phases. Thus, in Th cells that have divided several times, cytokine expression is not restricted to particular phases of the cell cycle.
Separation of IL-4-or IL-10-Secreting and Nonsecreting T Cells.
To test the stability of IL-4 and IL-10 memory, we established the cytometric cytokine secretion assay for murine IL-10. This requires precise knowledge of the kinetics of cytokine production, which we determined in 6-day IL-4-primed cells, restimulated either with PMA͞ionomycin or OVA 323-339 and APCs. Both restimulation protocols yielded a largely similar pattern of cytokine production with similar kinetics, with a slight delay after antigenic restimulation. With PMA͞ionomycin, we observed the highest frequencies of cytokine ϩ T cells after 3-4 h ( Fig. 2A) and with OVA 323-339 after 4-6 h (Fig. 2B) .
For the cytometric cytokine secretion assay (20) (21) (22) , 5-to 7-day Th2-polarized cells were reactivated to stimulate cytokine reexpression and labeled with bispecific Ab-Ab conjugates consisting of anti-CD45 and anti-IL-4 or anti-IL-10 to generate a high-affinity capture matrix for IL-4 or IL-10. The secreted cytokines, retained on the surface of the secreting cell, were then detected by fluorochrome-labeled cytokine-specific mAbs and specific magnetic particles. Fig. 2C, high control) . When the cells were put in ice-cold medium instead of 37°C medium, almost no IL-4-or IL-10-secreting cells were detected (Fig. 2C, low control) . By MACS, cytokine-secreting and nonsecreting cells were purified to Ն97% ( Fig. 3A) . Of the sorted IL-4 Ϫ cells (purity 99%) 34-42% expressed IL-4 under the same conditions. No differences in IL-4 memory were observed between T cells from CD62L high or CD62L low origin. Of IL-10 ϩ cells (purity 93%) from CD62L high origin, only 2% reexpressed IL-10 after culture in anti-IL-4 and anti-IL-10, indicating that stable IL-10 memory had not yet been established (Fig. 3B) . This was different for IL-10 ϩ cells (purity 86%) from CD62L low origin; 42% of those cells reexpressed IL-10 after culture without IL-4 and IL-10. Of the IL-10 Ϫ fraction (purity 98%), only 4% expressed IL-10. Thus, in IL-10 ϩ cells generated from in vivo Ag-experienced T cells, IL-10 memory was maintained for at least 7 days in the presence of mAbs to IL-4 and IL-10, and sorted IL-10 Ϫ T cells stably remained IL-10 Ϫ under these conditions.
Establishment of IL-10 Memory Depends on Repetitive Costimulation
with IL-4. We tested whether the neutralization of IL-4 in the maintenance culture was responsible for the observed lack of stable IL-10 memory in sorted IL-10 ϩ cells from naïve origin. For this, we activated naïve cells under Th2 conditions. After 7 days, we sorted IL-4-or IL-10-secreting T cells as in Fig. 2C . One-half of the sorted cells was maintained with IL-4 and mAbs to IL-10, IL-12, and IFN-␥, whereas the other half received IL-2 and mAbs to IL-4, IL-10, IL-12, and IFN-␥. Another 7 days later, cytokine production was analyzed. When sorted IL-4 ϩ cells (purity 96%) were maintained with anti-IL-4 or IL-4, 56-76% reexpressed IL-4 (Fig. 3C) . Thus, already in recently induced IL-4 ϩ cells, IL-4 memory is largely IL-4 independent. In contrast, when sorted IL-10 ϩ cells (purity 95%) were maintained with anti-IL-4, only 7% reexpressed IL-10 a week later, as compared with 48% after maintenance with IL-4 (Fig. 3C) . This shows that the capacity to express IL-10 of recently induced IL-10 ϩ cells depends largely on continuous IL-4 signals.
We wondered whether the stability of IL-10 memory in in vivo Ag-experienced CD62L low T cells (Fig. 3B) may be caused by a history of repetitive stimulations under IL-10-inducing conditions. We tested this for T cells stimulated in vitro repeatedly and maintained for a longer time. In Th cells primed with IL-4 for 3 days, restimulation and further culture in IL-4 increased the frequency of IL-10 ϩ T cells Ͼ6-fold compared with cells restimulated and expanded in anti-IL-4 (Fig. 3D) . In contrast, in Th2 cells differentiated with IL-4 for Ϸ3 weeks, the frequencies of IL-10 ϩ T cells were virtually identical after culture in IL-4 or anti-IL-4. Thus, in long-term differentiated, but not in recently induced, Th2 cells, IL-10 memory is independent of further IL-4 signals. As expected, the frequencies of IL-4 ϩ T cells were very similar in Th2 cells upon culture in IL-4 or anti-IL-4, after 3 days and after 3 weeks (Fig. 3D) , confirming the IL-4 independence of IL-4 memory already shortly after the initial polarizing activation (25) .
Proliferation of T Cells in Relation to Their Cytokine Memory.
To test whether the proliferation of individual T cells is related to their capacity to produce cytokines, we labeled 6-day Th2-polarized cells with CFSE and restimulated with Ag. On the following 2-6 days, cell samples were reactivated for cytokine cytometry. We analyzed T cells that did or did not coexpress IL-4 and IL-10 (regions 1-4 in Fig. 4A Upper) for their proliferative history (Fig.  4A Lower) . Individual generations of proliferating T cells were clearly distinguishable. Cells with or without the capacity to express IL-4 and͞or IL-10 upon restimulation had proliferated to the same degree. The same was found for T cells that did or did not express IL-2 in combination with either IL-4 or IL-10 (data not shown). Thus, the proliferation of a Th2-primed cell in vitro is independent of its individual cytokine memory, under conditions of constant cocultivation. T cells proliferated virtually identically. Also, the increases in cell numbers of the sorted populations were comparable. T cell proliferation depended on IL-2, because neutralization of IL-2 with mAbs inhibited proliferation completely (data not shown). IL-10 memory in the sorted IL-10 ϩ T cells, which were derived from total CD4 ϩ cells including the CD62L low cells, was maintained throughout the proliferation analysis; upon restimulation on day 6, 30% of the sorted IL-10 ϩ cells reexpressed IL-10 as compared with only 2.5% of the sorted IL-10 Ϫ cells (data not shown). Thus, neither expression of IL-4 nor of IL-10 by an individual T cell directly influences the proliferation of the very same cell in vitro, nor is it linked to a distinct program of hyperor hypoproliferation.
Discussion
Here, we have analyzed memory of Th lymphocytes for expression of IL-10, a key player in the regulation of immune responses (10) and a hallmark of T regulatory 1 (Tr1) cells (13, 14, (26) (27) (28) (29) . Despite its physiological relevance, little is known about the transcriptional control of the IL-10 gene and the memory of Th cells to express it.
Induction of IL-10 Memory Requires DNA Synthesis. Drugs inhibiting progression of naïve Th cells into the S phase of the first cell cycle inhibited efficiently the induction of memory for IL-4 and also for IL-10 ( Fig. 1 A and ref. 5 ). This might have reflected a restriction of cytokine production to certain cell-cycle phases. Here, we show that in Th cells that have divided several times, production of effector cytokines, including IL-10, is not restricted to particular cell-cycle phases. This strengthens the argument for a requirement of DNA synthesis-dependent epigenetic modifications of either the cytokine genes or genes controlling their expression in the induction of memory for effector cytokines (3) (4) (5) (6) (7) . Thereupon, memory expression of the cytokine genes would be independent of the original inducing signal(s), e.g., IL-4, and depend only on TCR signals. Fig. 3  and ref. 25) . In contrast, in IL-10 ϩ cells isolated from the same T cell cultures, stable IL-10 memory has not yet been established. Upon culture in the absence of the inducing signal IL-4, Ͻ10% of the cells reexpress IL-10. However, when naïve Th cells were stimulated for several rounds in the presence of IL-4 in vitro, or when they had been activated in vivo, i.e., CD62L low cells, Ϸ50% of the cells reexpressed IL-10 independent of IL-4 costimulation. This suggests a requirement of repetitive costimulation with IL-4 for the establishment of IL-10 memory.
It is remarkable that also the primary expression of IL-10 occurs late after activation of naïve T cells compared with expression of IL-2 and IFN-␥, for reasons unknown (21, 30) . Whereas for IL-4 expression, GATA-3 is a critical transcription factor, expression of which is up-regulated by IL-4 (8) and then maintained by autoactivation (22) ; the transcriptional control of the IL-10 gene is less well understood (10) . IL-4 is a potent IL-10 inductor (31), even in Th1 cells at certain stages of their differentiation (32) . To some extent, ectopic GATA-3 enhances IL-10 gene expression (22) . At the IL-4 gene locus, GATA-3 is sufficient to induce chromatin remodeling, probably a molecular prerequisite of IL-4 memory in T cells (3, 9, 22) . The present observation that the establishment of IL-10 memory occurs later in T cell differentiation than that of IL-4 memory, and requires prolonged IL-4 costimulation, suggests that not only upregulation of GATA-3 but also a more tardy up-regulation of other IL-4͞Stat6-dependent factor(s) may be involved in establishing IL-10 memory. Alternatively, it could be speculated that IL-10 memory may require higher GATA-3 concentrations than IL-4 memory. However, in 4-week differentiated Th2 populations, weekly restimulated in the presence of IL-4, GATA-3 expression was only Ϸ2-fold higher than in 1-week differentiated Th2 populations, as determined by real-time PCR (U. Niesner and A. Radbruch, unpublished results). This is in line with the mathematical model of GATA-3 expression predicting only one stable state of high-level expression (33) .
In Vivo Activated Th Cells Show IL-10 Memory in Vitro. In contrast to IL-10 ϩ T cells from naïve origin, those from in vivo Agexperienced CD62L low origin reexpress IL-10 also in the absence of IL-4 costimulation, i.e., they have already established IL-10 memory. This was the case in two of three experiments, showing that this is not necessarily so. The analysis of Th cells from IL-4-deficient mice has revealed that IL-4, although being important, nevertheless is not absolutely required for IL-10 induction in vivo, pointing to the existence of alternative pathways (34) . Thus, it is conceivable that costimulation by factors other than IL-4, e.g., ICOS or CD46, could also induce IL-10 expression (14, 24, (27) (28) (29) 35) . The observed variability in vivo may argue in favor of a population of Th cells with a history of repetitive stimulations under IL-10-inducing conditions. Part of the in vivo Ag-experienced cells may thus be comparable to the repeatedly in vitro stimulated naïve T cells, for which we have shown here the establishment of IL-10 memory by repetitive IL-4 costimulation.
IL-10 Memory Is Not Linked to Hypoproliferation. Both IL-4 and IL-10 are known regulators of immune reactions, also by virtue of regulating proliferation (9, 10) . Whereas for IL-4, proliferation of T cells is enhanced via Stat6 signaling and Gfi-1 induction (11, 12) , for IL-10 a direct impact on T cell proliferation has not yet been demonstrated clearly (13, 14, 18, 19) , although it is clear that IL-10 down-regulates T cell proliferation indirectly via APC inhibition (15) (16) (17) . Here, we show that the proliferation of Th2-polarized cells in vitro is independent of their individual memory to produce IL-2, IL-4, or IL-10, as cells with or without these cytokine memories all proliferated similarly. In these mixed cultures, transeffects could not be excluded. However, (18, 19) . Here, when IL-2 was neutralized in cultures of Th cells sorted according to expression of IL-4 or IL-10, proliferation was impaired in all cultures, regardless of the cytokine memory of the cells (data not shown).
It has been shown that, in vivo, memory Th cells exist that do not have memory for particular cytokines (36) . These ''central memory'' T cells would convey remarkable functional flexibility to immunological recall responses, especially, if they proliferated more efficiently than T cells with cytokine memory, the ''effector memory'' T cells. Recent data seem to indicate that Th cells with IFN-␥ memory do not expand well in vivo, compared with their negative counterpart, when isolated by the cytokine secretion assay and adoptively transferred (37) . It is certainly possible that cells with cytokine memory die due to activation-induced cell death (38, 39) . The present finding that in vivo Ag-experienced Th cells with IL-4 or IL-10 memory have the same proliferative capacity as those cells without such a memory, and that this memory, at least for part of the IL-10 memory cells, is likely to reflect repetitive stimulations under IL-10-inducing conditions, argues against the idea that those effector memory Th cells with memory for the expression of particular cytokines do not constitute an essential component of reactive immunological memory.
